We describe a novel method for liquid crystal (LC) alignment using nano-patterns of electrically conductive indium-tin oxide (ITO) layers with high resolution (cao 20 nm) and high aspect ratio (ca 10), fabricated based on the secondary sputtering phenomenon. The ITO pattern developed in this manner not only provides high anchoring energy comparable to that of rubbed polyimides, but also maintains its low resistivity as an electrode. As a result, the patterned ITO can function as an electrode and alignment layer at the same time, which facilitates successful fabrication of bifunctional conductive alignment layer for LC devices. The LC cells fabricated using patterned ITO substrates show highly stable alignment of LCs over large area and good electro-optical responses. Moreover, systematic approach made by the precise control of pattern dimensions allows us to estimate a critical anchoring energy required for an effective LC alignment based on Berreman's theory.
INTRODUCTION
Conventional liquid crystal (LC) electro-optical devices incorporate separate layers of a transparent electrode and an organic polymer film for driving devices and controlling LC alignment, respectively. To date, the most common method to align LCs is by mechanical rubbing of a thin polymer film 1 coated on the surface of a transparent electrode. Although rubbing is a simple and inexpensive method, it has many intrinsic drawbacks such as generation of electrostatic charges, contamination from rubbing debris and high temperatures (up to ca 250 1C). As alternatives to the rubbing process, noncontact methods such as photo-alignment [2] [3] [4] [5] and ion-beam irradiation 6 have been used but they also have critical drawbacks associated with controlling the orientation of photoswitchs on the surface and low anchoring energies. 7 Indium-tin oxide (ITO) has been widely used as an electrode for LC display because of its low electrical resistance and high transmittance in the visible range of the optical spectrum. ITO surface is much harder than the polymer surface. Therefore, conventional rubbing method can hardly deform the surface of ITO. There are a few efforts, such as atomic force microscopy (AFM) rubbing, 8 plasma etching, 9 surface relief grating 10 and ion-beam irradiation, 11 which deal with patterning the ITO layer. However, in most methods, the quality of ITO pattern is inferior to that of polymer pattern. More importantly, all of these ITO patterning methods do not achieve uniform high resolution and aspect ratio patterns over large areas without significant loss of electrical conductivity and optical transmittance, factors that are directly related to anchoring energies of LCs and energy efficiencies of devices.
In the study described below, a novel method has been developed for LC alignment. The technique uses high resolution (ca 20 nm) and a high aspect ratio (ca 10) nano-pattern of electrically conductive ITO, which are fabricated by employing a new patterning technique that relies on a secondary sputtering phenomenon (SSP). The ITO nanopattern developed in this manner not only has a high anchoring energy that is comparable to those of rubbed polyimides, 12 but also it has a low resistivity as an electrode. As a result, the patterned ITO can function simultaneously as an electrode and an alignment layer, properties that facilitate the fabrication of bifunctional conductive alignment layer for LC devices. The LC cells, constructed using these nanometer scale patterns on the surfaces of ITO layers, display highly stable alignment of LCs and good electro-optical responses over large areas. Figure 1 illustrates the overall procedure utilized for creating large-area ITOs, highly periodic nanostructures with high resolution (o 20 nm) and high aspect ratios (height to width ratio of ca 10), by using the SSP, 13 and the fabrication of LC cells with the patterned ITO substrates in the absence of additional polymeric alignment layers. Commercial ITO glass substrates were prepared with a thickness of 180 nm, resistivity of ca 10 O & À1 and optical transparency of 96% at 550 nm. Impurities on the ITO surface were removed using isopropyl alcohol through ultrasonic means. The ITO was subsequently dried by using a N 2 gas stream. The strategy we have devised for LC alignment mainly relies on two key steps that involve attachment of a target material (that is, ITO) to sidewalls of pre-patterned polymers by means of Ar ion-beam bombardment ( Figure 1c ) and selective removal of the pre-patterned polymer ( Figure 1d) . As a result, a specific nano-structured pattern comprised of target materials remains on the flat ITO layer.
MATERIALS AND METHODS

Pattern fabrication on ITO surface
To explore secondary sputtering on ITO, fabrication of the template began with spin coating a thin polystyrene (PS) film (6% of PS (molecular weight¼18 000 g mol À1 ) in anhydrous toluene). Then, the poly(dimethylsiloxane) (PDMS) mold was placed on the PS surface and heated above the glass transition temperature to drive PS polymer into the void spaces of the mold patterns by capillary action. This resulted in the formation of a negative copy of the mold (Figure 1a ). Three kinds of PDMS molds were used, each containing strip patterns with a 1:1 width (w) to spacing (s) ratio (w, s¼200, 500 and 1000 nm). The PS on the bottom was removed by utilizing reactive ion etching using a mixture of an O 2 (40 sccm) and CF 4 (60 sccm) plasma at a chamber pressure of 20 mTorr and a power density of 80 W. As a result of this process, only PS strip patterns comprising a 1:1 ratio of w and s without a bottom layer on the ITO glass were fabricated (Figure 1b) . Then, the target ITO layer was selectively etched in the substrate plane and also partially in depth, and then transformed into a side of PS walls during an Ar+ ion bombardment process (Figure 1c) . Finally, the pre-patterned PS film was removed by the second reactive ion etching process performed in the presence of O 2 (100 sccm) to yield high-resolution ITO line patterns on top of the initial flat ITO layer over a 5Â5 mm 2 area (Figure 1d ). It should be noted that a broad range of feature sizes can be obtained by employing this technique by simply controlling the dimensions of the pre-existing polymer patterns and etching conditions.
LC cell fabrication
Electro-optic LC cells were prepared by assembling two substrates possessing ITO line patterns on their inner surfaces. As shown in Figure 1e , two types of LC cells have been constructed, one having the same configuration as in the electrically controllable birefringence (ECB) mode and the other in the twistednematic (TN) mode, where the direction of the stripped ITO patterns on the top and bottom substrates are parallel and perpendicular to each other, respectively. The cell thickness was controlled by using microbead spacers (from 2 to 100 mm) and the cells were sealed by using a UV-curable adhesive (NOA 63, Norland Product Inc., Cranbury, NJ, USA). The cell gap was varied in the range 2.0-100.0 mm in order to investigate the effects of cell thickness on LC alignment induced by the ITO patterns. The LC used in the study was 4¢-pentyl-4-cyanobiphenly (5CB, Aldrich Korea, Seoul, Korea), which is a single-component nematic (N) LC at room temperature. The molecular structure and phase transition temperatures of 5CB are shown in the inset of Figure 1 . The fabricated empty cell was placed on a temperature-controlled hot stage (FP82HT Mettler Toledo Korea, Seoul, Korea), and the LC was loaded by employing capillary action at 40 1C in the isotropic phase. After the filling process, the cell was cooled to room temperature at a rate of 2 1C min À1 and the state of LC alignment was probed using polarized optical microscopy (POM, Figure 1f ).
Electrical and optical properties of the patterned ITO substrates
To measure the electrical conductance of the patterned substrate, a probe station (4200-SCS Keithley, Keithley Instruments, Inc., Cleveland, OH, USA) was used. This probe is comprised of contact electrodes (Au) that are deposited on both ends of patterned area by using e-beam evaporation. The electrical conductance was calculated by using the equation ó¼G(l/tw), where ó is the electrical conductivity, G is the electrical conductance obtained from the slope of the linear current-voltage curve, l is the distance between two electrodes and t is the thickness of the electrode. UV/Vis absorption spectroscopy (92-570, JASCO, Tokyo, Japan) was used to determine optical properties. The patterned ITO area was positioned in the path of light propagation and bare ITO glass was used as a references. Figure 2a shows a scanning electron microscope (SEM) image of a highly periodic ITO line pattern. White lines in the SEM image correspond to thin ITO walls while relatively darker regions represent flat ITO surfaces. These images also serve to confirm that highly periodic ITO patterns were successfully formed over the entire surface area (5 mmÂ5 mm), indicating that the patterned area can be scaled up if a larger mask is used. A slanting view of the SEM images clearly reveals that narrow lines of ITO are well developed and regularly aligned on the flat ITO layer over a large area (Figure 2a ). The spacing between adjacent lines is found to be ca 500 nm, which is consistent with the spacing of a PDMS master mold that has a 500 nm width and spacing dimensions. However, the width of ITO line is observed to be ca 20 nm, a value that is completely different from that of PS stripes (500 nm) replicated from PDMS mold. This difference is attributed to unique pattern formation caused by using the SSP. In this method, the sidewalls of the PS stripes act as supporters for the target material (ITO) to be attached and assembled as a thin wall during the ion bombardment process. 13 The maximum aspect ratio was B18 based on measurement of 11.8 nm width and 210 nm height of the ITO wall (Supplementary Figure S1) . The ITO lines are likely to be stable in the range of aspect ratio of 10-13, and they tend to bend in higher aspect ratio. For this reason, we did not mention such a high aspect ratio (410). Energy dispersive X-ray spectroscopy was employed to verify that patterns are formed on the ITO. The energy dispersive X-ray data show the existence of higher signals associated with indium (In), tin (Sn) and oxygen (O), confirming that the lines are composed only of ITO.
RESULTS
Conductive alignment layer
Observations show that formation of the high resolution and aspect ratio ITO line pattern does not have diminishing effects on electrical and optical properties of the overall ITO layer, which are critical for simultaneous functioning of the patterned ITO as an electrode and alignment layer. Topological analysis of the line-cut profile connecting pairs of dots in the AFM image (red line in the image) shows the existence of highly uniform and regular thin walls that have a height of ca 135 nm (red triangles) (Figure 2b ). The resulting aspect ratio is ca 7. It should be noted that the line width in the AFM image is broader than the actual width due to the nearly vertical drops of sidewall and fast scan rate of AFM tip. The decreased thickness of a primitive flat ITO layer can be easily seen by comparing the heights of the two flat areas marked by the black and purple dots in Figure 2b . As the ITO layer was selectively protected during ion bombardment of the pre-patterned polymer (that is, PS), the striped area marked by the black dot in Figure 2b retained its original thickness. In the purple dot area, however, the ITO layer was uniformly eroded by ion bombardment and, as a result, the thickness decreased depending on the experimental conditions used. Under the condition given, a ca 21 nm thick ITO layer (green triangles) was eroded to create thin walls with a height of 135 nm and a width of 20 nm.
The conductivity of the ITO layer containing a nano-pattern on its surface is not greatly different from that of the pristine ITO layer owing to the only small decrease in thickness that occurs during bombardment. The current-voltage plots displayed in Figure 2c show that the electrical conductance of the patterned ITO layer is decreased slightly in comparison with that of the pristine counterpart. Analysis of the plots demonstrates that the electrical conductivity of the pristine ITO is 92 850 s m À1 while that of patterned ITO is 89 340 s m À1 . The sheet resistance (inset in Figure 2c ) of the ITO layers before and after patterning are 8.2 O & À1 and 9.1 O & À1 , respectively. This observation indicates that a ca 9% increase of sheet resistance has taken place upon patterning. In contrast, other previously described methods lead to significant increases in sheet resistance when the height of pattern increases. For example, the sheet resistance increases more than 100% after forming an ITO pattern with a height of 64 nm by utilizing the plasma etching method. 13 As high transmittance in the visible range of the optical spectrum is important for display applications, we also examined the light transmittance of substrates before and after ITO patterning. Inspection of the UV/Vis spectra (Figure 2d ) of the material before and after patterning shows that very little change has taken place in the transmittance (ca 96% at 550 nm). As a matter of fact, the patterned substrate exhibits a slightly enhanced transparency at wavelengths below 500 and above 700 nm. The results show that high-resolution ITO line patterns with high aspect ratios without diminishing electrical and optical properties of the overall ITO layer are formed. The patterns constructed in this manner are essential for cells that have potential applications in LC devices. This is a consequence of the fact that the resolution, aspect ratio and damage of ITO layers are directly related to the respective optical properties of the devices, uniformity of LC alignment and electrical conductivities. 14, 15 Uniform alignment of LCs by the ITO pattern Nematic LC, 5CB, was introduced into cells having a 2-mm gap in the isotropic phase. The cells were inspected by using a POM (LV-100POL, Nikon Korea, Seoul, Korea) equipped with a rotational stage in the plane perpendicular to the direction of light propagation. 16 Figures 3a and b show wide-view POM images of the ECB cell, in which both substrates possess ITO patterns with a 20-nm line width, 100 nm height and 500-nm period in a 5Â5 mm area (see Supplementary Information, Supplementary Figure S2a) . The differences that exist in optical textures between areas with and without the topographic pattern in the ITO layer are easily recognized. The central portion of the images highlighted by a yellow dotted square corresponds to the patterned area of the substrates. LC molecules on the patterned ITO surfaces are aligned uniformly parallel to the thin ITO line pattern (Figures 3a and b) , while LC molecules anchored on the non-patterned pristine ITO surface (outside of yellow dotted square) adopt a random azimuthal orientation as is typically observed for untreated solid surfaces. The POM image undergoes complete extinction when the striped ITO pattern is aligned either parallel or perpendicular to the polarizer or analyzer (Figure 3a) . Fluctuations in light transmittance, caused by rotating the sample under the crossed polarizers, take place gradually in a sinusoidal fashion and reach a maximum value at 451 (Figure 3b) . 17 The observations indicate that the LC molecules are oriented in a uniform and uniaxial manner (that is, nematic director) in the plane of the substrates.
POM images, taken with a quarter-wave retardation plate at different sample orientations, further demonstrate the azimuthal orientation of the director with respect to the ITO pattern (Figures  3c-f) . Addition and subtraction of the total retardation created by placing the slow axis of the retarder in a parallel (Figure 3e ) and transverse ( Figure 3f ) direction with respect to the line pattern of ITO unambiguously demonstrate that the nematic director aligns along the thin ITO lines rather than in a transverse manner. We also substantiated by experiments that the LC aligning capability of nano-patterned ITO surfaces functions properly in a wide range of cell gap, at least, up to 100 mm (the maximum thickness testified in our experiments, Supplementary Figure S3 ).
Electro-optical responses POM image of the LC cell with a TN configuration were also recorded ( Figure 4a ). Two substrates, having a 5Â5 mm ITO pattern (see Supplementary Figure S2c ) with a 20 nm width, 125 nm height and 500 nm spacing between lines, were orthogonally assembled in the cell. A non-uniform, random orientation of the director is observed in the non-patterned regions. However, the central area containing the topographically patterned ITO surface displays a uniform white color, which shows that the Mauguin's condition of the TN cell is attained. The electro-optic response of the TN cell to a square-wave electric field at 120 Hz normal to the substrate is shown in Figure 4b . The insets in this figure are POM images observed at 0 V and 2.5 V. The observations show that, as the applied voltage increases, the LC changes its orientation from a twisted to homeotropic state, which results in a decrease of optical transmittance. The observations are typical V-T characteristics of a normally white mode TN cell, as are observed for a conventional cell and one containing a rubbed polyimide surfaces. The threshold voltage was found to be ca 0.6 V, and the voltage rise and fall times of the cell were determined to be ca 1.6 and 2.4 ms, respectively. The new TN cells were found to be quite durable and stable, maintaining their electro-optical responses over weeks of operation.
DISCUSSION
The results arising from the optical and electro-optical experiments carried out with the ECB and TN cells confirm that the nematic LCs can be unidirectionally aligned on the nano-patterned ITO surfaces. The mechanism for this phenomenon was proposed in 1971 by Berreman, 15 and probed later using experiments with materials containing topographically anisotropic surfaces. [18] [19] [20] [21] [22] [23] [24] In these cases, the driving force for LC alignment arises mainly from physical interactions between the surface and the LC molecules. The LC director is preferentially aligned along the direction of low roughness so that the total elastic free energy of the LC is minimized. 25 As the flat and patterned surfaces in the cells we created are also composed of the ITO, the main difference lies in the topography of their surfaces. Therefore, we conjecture that the main driving force behind LC alignment on the patterned ITO surface is associated with the physical rather than the chemical anisotropy of the surface. It appears that the morphological anisotropy of the surface and the resultant physical interaction with the LC molecules take place in a way to minimize the elastic free energy and that this promotes generation of a uniform azimuthal orientation of the LC director. Thus, in this case, the dimensions of the surface pattern and the elastic properties of the LCs combine to determine the characteristics of the LC alignment. According to Berreman's theory, the azimuthal anchoring energy of LC molecule on grooved surfaces is expressed as W¼2p 3 KA 2 /l 3 , where A is the amplitude, l is the period of groove and K is the twist Frank elastic constant of the LC. In the cells we created, the periods of the grooves were fixed at 200, 500 and 1000 nm, as determined by spacings in the PDMS mold. Meanwhile, the height of the thin ITO lines was precisely controlled by the reactive ion etching conditions and concentration of the PS in toluene employed. The resulting aspect ratios range from ca 1.5-10 (see Supplementary Figure S4 ).
Owing to the fact that this simple and versatile lithographic technique, which employs the SSP, enables accurate control of these parameters, a systematic investigation was carried out exploring how the characteristics of LC alignment are affected by the dimension of ITO patterns. With this goal in mind, ECB cells were fabricated and the quality of their LC alignments was examined by using POM analysis. Both the top and bottom substrates of the cell have thin ITO line pattern of the same periodicity and height. Figure 5 shows the variation of azimuthal anchoring energy as a function of height of the ITO lines for each period at a fixed width of 20 nm. The periods of 200, 500 and 1000 nm are indicated by the black square, red circle and blue triangle, respectively. According to theory, the anchoring energies should increase with a decrease in period (l) and an increase in amplitude (A) (that is, height of ITO line). The maximum anchoring energy of patterned ITO is 3.96Â10 À4 N m À1 , a value that is comparable to those of conventional rubbed PIs (10 À4 -10 À5 N m À1 ) and surfaces rubbed by using AFM (10 À6 N m À1 ). 26 The minimum anchoring energy is 7.75Â10 À8 N m À1 , which is 5100 times lower than the maximum value. Maximum and minimum anchoring energies were calculated using the line with l ca 200 nm and A ca 155 nm (Supplementary Figure S5 ) and the line with l ca/ 1000 nm and A ca 25 nm (Supplementary Figure S7) , respectively.
The characteristics of LC alignment have been evaluated by using depolarized optical microscopy. The insets in Figure 5 are representative POM images of the ECB cells. Detailed information for each condition employed, including POM images with different orientations and AFM data of the substrates, are presented in Supporting Information (see Supplementary Figures S5-7) . Except for the one with a 1000-nm periodicity, all other patterned ITO substrates display uniform and stable planar anchoring of the nematic 5CB along the parallel direction of the ITO pattern. However, a clear limit (represented by the horizontal dashed line in the graph) exists for a uniform director orientation throughout the entire active area. As shown in the inset of Figure 5 , the cell constructed from the structured surface with a 51 nm height, 20 nm width and 1000 nm periodicity (corresponding anchoring energy ca 3.35Â10 À7 N m À1 ) has a relatively poor uniformity. This observation indicates that in this case the anchoring strength of the surface is not sufficiently strong to constrain the LC molecules to a macroscopically uniform orientation.
The systematic approach involving precise control of the pattern dimensions has enabled us to estimate the critical anchoring energy that is required for effective LC alignment based on the Berreman's theory. Accordingly, when the estimated azimuthal anchoring energy is larger than ca 5Â10 À7 N m À1 (corresponding to the pattern with a 64 nm height, 20 nm width and 1000 nm periodicity), the sample exhibits a uniform alignment of the LC molecules at the surfaces and, as a result, an ECB-type electro-optic cell is generated. The value of the azimuthal anchoring energy represents a minimal limit or guideline for the uniform LC alignment that arises from physically grooved surfaces.
CONCLUSION
In summary, the study described above has demonstrated that by using a lithographic technique that takes advantage of the SSP, a highquality surface pattern of ITO layer over a large area can be generated. In addition, this approach to patterning does not compromise the electrical and optical properties of the surface. These properties cause simultaneous creation of a transparent conductive layer and LC alignment layer. In addition, LC alignments on dimensionally controlled ITO patterns were systematically determined as a function of anchoring energy through employment of Berreman's theory. In this way, the critical anchoring energy for a uniform and stable alignment was defined. The approach described above for producing patterned ITO layers is not only cost effective but also leads to the capability of multi-directionally aligning LCs over very small dimensions, a result that is essential for constructing future LC display devices that have extraordinary performances and ultra-high resolutions. 
